Ϫ efflux and short-circuit current (Isc). CDCA (500 M) rapidly increases I Ϫ efflux, and we confirmed by Isc that it elicits a larger response when added to the basolateral vs. apical surface. However, preincubation with cytokines increases the monolayer responsiveness to apical addition by 55%. Nystatin permeabilization studies demonstrate that CDCA stimulates an eletrogenic apical Cl Ϫ but not a basolateral K ϩ current. Furthermore, CDCA-induced Isc was inhibited (Ն67%) by bumetanide, BaCl2, and the cystic fibrosis transmembrane conductance regulator (CFTR) inhibitor CFTRinh-172. CDCA-stimulated Isc was decreased 43% by the adenylate cyclase inhibitor MDL12330A and CDCA increases intracellular cAMP concentration. The protein kinase A inhibitor H89 and the microtubule disrupting agent nocodazole, respectively, cause 94 and 47% reductions in CDCA-stimulated Isc. Immunoprecipitation with CFTR antibodies, followed by sequential immunoblotting with Pan-phospho and CFTR antibodies, shows that CDCA increases CFTR phosphorylation by approximately twofold. The rapidity and side specificity of the response to CDCA imply a membrane-mediated process. While CDCA effects are not blocked by the muscarinic receptor antagonist atropine, T84 cells possess transcript and protein for the bile acid G protein-coupled receptor TGR5. These results demonstrate for the first time that CDCA activates CFTR via a cAMP-PKA pathway involving microtubules and imply that this occurs via a basolateral membrane receptor.
secondary bile acids in the colonic lumen leads to an increase in net water and electrolyte secretion causing diarrhea (28) .
In a variety of colonic epithelia, such as mouse (14) , rabbit (36) , and human (29) , including the human colon carcinoma cell line T84 (11, 20) , we and others have shown that the endogenous primary and secondary dihydroxy bile acids chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), respectively, and their taurine conjugates (TCDC and TDC) stimulate Cl Ϫ secretion. Depending on the species, both a direct action of the bile acids on epithelial cells and an indirect action involving other epithelial and subepithelial elements (12, 14, 18, 36, 37) 
have been demonstrated. It is well recognized that in colonocytes Cl
Ϫ secretion occurs by the concerted effort of apical membrane Cl Ϫ channels, chiefly the cystic fibrosis transmembrane conductance regulator (CFTR) and basolateral transporters Na ϩ -K ϩ -ATPase, Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC1), and K ϩ channels (3, 28, 35) . However, the specific transport proteins and molecular mechanism(s) mediating the effects of bile acids on Cl Ϫ secretion are not fully understood. Thus, while the mechanism for bile acid-induced Cl Ϫ secretion has been linked to intracellular messengers such as cAMP and calcium (12) , it has not been directly determined if bile acids indeed activate CFTR in the colon.
The stimulation of Cl Ϫ secretion in the colon by bile acids was shown to occur mainly by exposure to the serosal side of the colonic epithelia, suggesting the involvement of receptor(s) expressed on the basolateral membrane of colonocytes. However, the receptor underlying the secretagogue action of bile acids has not been implicated. Bile acids can act either via nuclear receptors, the most prominent being the farnesoid receptor FXR, and/or via membrane localized, heptahelical G protein-coupled receptors (GPCRs). In terms of GPCRs, bile acids have been shown to activate the muscarinic M3 receptor, which in turn transactivates the epidermal growth factor receptor to stimulate reversible activation of the p44/42 MAP kinase signaling cascade and proliferation of colon carcinoma cells (8) . More recently, the GPCR TGR5, also known as GPBAR-1, M-BAR, BG37, GPCR19, or GPR131, has been reported to be widely distributed in human tissues, including most segments of the digestive tract with the exception of the esophagus and rectum (19, 24) . In terms of mechanism, binding of bile acids to TGR5 has been shown to increase cAMP production leading to activation of protein kinase A; for example, in rabbit alveolar macrophages, bile acids increase cAMP production and suppress LPS-stimulated cytokine production (19) .
The human colon carcinoma cell line, T84, has been a useful model in which to study the cellular regulation of intestinal Cl Ϫ secretion. Therefore, in this study, we used T84 cells to determine if bile acids act through CFTR and to delineate the underlying signaling cascade. Our data represent the first direct demonstration of the involvement of CFTR, activated by the cAMP cascade, in bile acid action in colonic epithelial cells.
MATERIALS AND METHODS
Materials. Tissue culture media, Ham's F-12 nutrient mixture, bovine calf serum, fluo-3 AM, TRIzol reagent, superscript II reverse transcriptase, and rabbit polyclonal anti-phosphorylated proteins (Panphospho) were obtained from Invitrogen (Carlsbad, CA). CDCA, TCDC, H89, CFTR inh-172, nocodazole, interferon-␥, interleukin (IL)-1␤, forskolin, carbachol, 8-bromo (Br)-cAMP, isobutyl methyl xanthine (IBMX), A23187, bumetanide, H89, CdCl2, nystatin, MDL12330A, RIPA buffer, Amplification Grade DNase I, protease inhibitor cocktail, and phosphatase inhibitor cocktail 2 were purchased from Sigma-Aldrich (St. Louis, MO). Tumor necrosis factor (TNF)-␣ was from Promega (Madison, WI). Monoclonal anti-human CFTR COOH-terminal antibody was from R&D Systems (Minnneapolis, MN). Rabbit polyclonal anti-human CFTR NH 2-terminal antibody and protein A/G plus-agarose immunoprecipitation reagent were from Santa Cruz Biotechnology (Santa Cruz, CA). All other reagents were of analytical grade and were purchased from either Sigma-Aldrich or Fisher Scientific (Hanover Park, IL) except if stated otherwise.
Cell culture. The T84 cell line was purchased from American Type Culture Collection (ATCC; Manassas, VA). Cells were grown in DMEM/F-12 medium containing bovine calf serum (GIBCO-BRL), penicillin (100 U/ml), streptomycin (100 g/ml), and ampicillin (8 g/ml). The cells were incubated in a humidified atmosphere of 5% CO 2 at 37°C.
Iodide effluxes. Iodide efflux studies were performed as we have described earlier (5) and are based on the original method of Venglarik et al. (34) modified by Chappe et al. (7) . Briefly, T84 cells were grown in six-well plates. One million cells were seeded per well, and it took 4 -5 days for the cells to reach 90% confluence at which time they were incubated with iodide loading buffer [containing in mM: 136 NaI, 3 KNO 3, 2 Ca(NO3)2, 11 glucose, and 20 HEPES pH 7.4] for 1 h at room temperature in the dark. The cells were then rinsed three times with iodide-free efflux buffer (same as the iodide loading buffer except NaNO 3 replaced NaI). Individual wells were exposed to DMSO, CDCA (500 M), TCDC (500 M), or a cAMP cocktail composed of 100 M 8-Br-cAMP ϩ 10 M forskolin ϩ 100 M IBMX. Efflux buffer (1 ml) was then added to the dish; after 2 min, the buffer was removed and saved and another 1 ml fresh efflux buffer was added into each well. Samples were thus collected at 2-min intervals for the duration of the experiment. The iodide concentration of the collected samples was determined using an iodide-sensitive electrode (Orion 96 -53; Fisher Scientific) and a pH/mV meter. The iodide concentration of samples were calculated based on a standard curve as previously described (5) and depicted as the iodide efflux rate (nmol/min) at every 2-min intervals.
Electrophysiological measurements. For Ussing chamber measurements, T84 cells were seeded at a density of ϳ250,000 cells per insert into 24-well, 0.4-m pore size Transwell tissue culture inserts (Corning 3413; Corning Life Sciences, Lowell, MA), coated with mouse tail collagen. The transepithelial resistance (TER) was measured using EVOM 2 voltohmmeter and a STX2 electrode (World Precision Instruments, Sarasota, FL). When TER reached values of Ն950 ⍀·cm 2 (ϳ9 -14 days), the inserts were mounted in Ussing chambers (area: 0.1 cm 2 ; Physiologic Instruments, San Diego, CA) and bathed with oxygenated (95% O2-5% CO2) buffer A (5 ml/reservoir) of the following composition (in mM): 115.4 NaCl, 5.4 KCl, 1.2 CaCl2, 1.2 MgCl2, 21.0 NaHCO3, 0.6 NaH2PO4, 2.4 Na2HPO4 pH 7.4, and 10 D-glucose at 37°C. Transmural short-circuit current (Isc; A/cm 2 ) was monitored throughout the experiment using an automatic voltageclamp apparatus (VCC-MC6; Physiologic Instruments, San Diego, CA) as described earlier (37) . TER was obtained by introduction of a 5-mV bipolar pulse at 10-s intervals and TER calculated by Ohm's law. For nystatin experiments, cells were exposed to 200 g/ml nystatin for 10 to 20 min either on the apical or on the basolateral surface. Following this equilibration period, bile acid was added to the basolateral surface. When basolateral membrane was permeablized, a Cl Ϫ gradient was established by replacing NaCl in basolateral reservoir with sodium gluconate and the concentration of CaCl 2 was increased from 1.2 to 2 mM to account for chelation of Ca 2ϩ by gluconate (23) . When the apical membrane was permeablized, a K ϩ gradient was created by substituting NaCl with KCl in apical reservoir (13) . At the end of each experimental run, forskolin (10 M) and carbachol (100 M) were sequentially added to the basolateral solution to assess tissue viability.
Intracellular cAMP measurement. Intracellular cAMP was measured using an Amersham cAMP Biotrak Enzymeimmunoassay (EIA) System from GE Healthcare Bio-Sciences (Piscataway, NJ). T84 cells were seeded at a density of 10 5 cells per well in 96-well plates to reach confluence, which was generally achieved the next day. Fresh media with different secretagogues or solvent (DMSO) were added to the wells, and the plates were placed in the cell culture incubator at 37°C during the stimulation period. Cell lysis and preparation for enzymeimmunoassay were according to EIA kit instructions. The EIA microplate wells were sequentially incubated with antiserum (4°C, 2 h) and cAMP-peroxidase (4°C, 1 h) and then washed and incubated with enzyme substrate for 30 min at room temperature. The reaction was stopped with 1.0 M sulfuric acid, and the optical density was read at 450 nm in a microplate autoreader (Bio-Tek Instruments, Winooski, Vermont). The cAMP concentrations of samples were calculated from the standard curve generated as per manufacturer's instructions.
RT-PCR. RT-PCR was performed as we have previously described (37) with one important modification. We harvested T84 cells grown to confluence both in six-well plates and in Transwells to account for variation in expression, if any, due to the different growth conditions. Results for both are shown. Briefly, total RNA was isolated using TRIzol reagent and was treated with DNase to eliminate potential contaminating DNA. Total RNA was quantitated photometrically at 260 nm. One microgram of total RNA was used for the RT assays employing superscript II reverse transcriptase. Using the strategy of Hov et al. (16) , we employed two sets of primers. The products of primer TGR5-IE span part of the intron between the two exons and part of exon 2 (product size 653 bp), while the products of primer TGR5-E2 are entirely within exon 2 (product size 321 bp). The primer pairs used for TGR5 are TGR5-IE (forward primer: AGCATCTTC-CTTCCTCTCAGC and reverse primer: TTGTGTATCCCTGCCTC-CAC) and TGR5-E2 (forward primer: GCTGCTTCTTCCTRAGC-CTA and reverse primer: TGGGAGCTGCAGTTGGCA). The PCR was performed at annealing temperature of 64°C (TGR5-IE) or 55°C (TGR5-E2), and PCR was run for 36 cycles. The primer pairs used for FXR are as follows: forward primer: ATTTTGACGGAAATG-GCAAC and reverse primer: AGCTAGACCCCTCCCCTGTA. The PCR was performed at annealing temperature of 55°C, and PCR was run for 36 cycles.
Immunoprecipitation and immunoblot analysis. Immunoprecipitation and immunoblot analysis were conducted according to Sakesena et al. (30) . The cells were subjected to a growth and treatment regimen similar to that used for the Ussing chamber experiments. Briefly, T84 cells were seeded at a density of 1.5 ϫ 10 6 cells per insert in six-well Transwell tissue culture inserts. When TER reached values of Ն950 ⍀·cm 2 (ϳ9 -14 days) as determined by EVOM 2 voltohmmeter and STX2 electrode, the cells were treated basolaterally with DMSO (0.1%), CDCA (500 M), or forskolin (10 M) for 20 min. Cells were washed three times with PBS, and the membrane was cut and immersed in lysis buffer (20 mM Tris·HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail, and phosphatase inhibitor cocktail 2). Cells from four wells were pooled together as one sample. The cells were sonicated on ice (25 s, Branson Sonifier Cell Disruptor Model 350). The homogenate was centrifuged (1,000 g for 10 min at 4°C) to pellet out the nuclei and unbroken cells. The supernatant containing 5 mg protein was incubated with 3 g monoclonal anti-human CFTR COOH-terminal antibody overnight at 4°C on a shaker. After incubation, immune complexes were precipitated using the protein A/G plus-agarose immunoprecipitation reagent. Pellets were washed four times with RIPA buffer, and after the final wash, pellets were resuspended in 50 l of SDS-containing Laemmli buffer. Proteins were separated by electrophoresis on 7.5% SDS-polyacrylamide gels and transferred to PVDF membrane (Millipore, Bedford, MA). The PVDF membranes were blocked with 3% BSA for 1 h at room temperature and incubated with 1 g/ml of rabbit polyclonal anti-phosphorylated proteins (Panphospho) in 1% BSA overnight at 4°C on a shaker. The membranes were washed three times using TBS containing 0.1% Tween 20 (TBS-T) and were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (1:10,000 dilution) for 1 h at room temperature. Finally, the membranes were washed three times with TBS-T and visualized with Pierce SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Scientific, Rockford, IL). The membranes were then stripped by agitating for 30 min at 50°C in stripping buffer (100 mM ␤-mercaptoethanol, 2% SDS, and 62.5 mM Tris·HCl pH 6.7) and reprobed with rabbit polyclonal anti-human CFTR NH2-terminal antibody (1:1,000 dilution in 1% milk, overnight at 4°C). The secondary antibody used was HRP-conjugated goat anti-rabbit antibody (1:10,000 dilution), and Pierce SuperSignal West Pico Chemiluminescent Substrate kit was again used to visualize the reaction product. Immunoblot bands were quantified by ImageQuant software (GE Healthcare) after scanning densitometry. Phosphorylated CFTR protein was normalized to total CFTR protein, and the values for DMSO treated samples were set at 1.
To prepare membrane fractions of T84 cells for TGR5 immunoblots, cells were homogenized in a buffer containing the following (in mM): 1 EDTA, 2 MgCl2, 5 ␤-mercaptoethanol, 1 DTT, 25 Tris·HCl pH 7.4, and protease inhibitor cocktail as described previously (2) . The homogenate was centrifuged at 1,000 g for 10 min at 4°C to pellet out the nuclei and unbroken cells. The resultant supernatant was then centrifuged at 100,000 g for 30 min at 4°C (2). The final membrane pellet was resuspended in lysis buffer. Rabbit polyclonal antibody to TGR5 (1:1,000 dilution) from Abcam (Cambridge, MA) was used to probe for the presence of the protein and visualized with HRPconjugated goat anti-rabbit secondary antibody as described above for the immunoblotting procedure.
Preparation of detergent-soluble and insoluble microtubules. Detergent-soluble and -insoluble tubulin was prepared according to Yu et al. (38) . In brief, T84 cells grown in six-well plates were equilibrated at 4°C for 30 min. Nocodazole (33 M) was then added to both apical and basolateral sides, and the cells were kept on ice for an additional 30 min. Next, the cells were rinsed once with 37°C PBS and once with extraction buffer (0.1 M PIPES, 1 mM MgSO4, 2 mM EGTA, 0.1 mM EDTA, and 2 M glycerol pH 6.75). Cells were subsequently extracted twice for 8 min each with 250 l of extraction buffer containing 0.1% Triton X-100 and protease inhibitors and the fractions collected to yield the detergent-soluble fraction. After excess extraction buffer was drained from each well, 250 l of lysis buffer (25 mM Na2HPO4, 0.4 M NaCl, and 0.5% SDS pH 7.2) were added to each well. The cytoskeletal lysate was boiled for 3 min and then centrifuged for l0 min (2,000 g) to get rid of the DNA-containing pellet, and the supernatant was collected to yield the detergent-insoluble fraction. Equal amounts of detergent-soluble (5 g) and -insoluble (10 g) proteins from each treatment group were loaded onto SDS-polyacrylamide gels, and the tubulin content was assessed by immunoblot using ␣-tubulin antibody from Sigma (1:2,500 dilution).
Statistical analysis. Data from at least three individual experiments were analyzed and presented as means Ϯ SE. Statistical significance was determined using one-way ANOVA or Student's t-test, and values of P Յ 0.05 were considered statistically significant.
RESULTS
Effect of CDCA on chloride transport in T84 cells. The iodide efflux assay is a convenient method to assess Cl Ϫ transport via channels (2) . Iodide effluxes from T84 cells treated with 0.2% DMSO (control), a cAMP cocktail (100 M 8-Br-cAMP ϩ 10 M forskolin ϩ 100 M IBMX), CDCA (500 M), and TCDC (500 M) were compared. As shown in Fig. 1A , and as previously reported by us (2), the cAMP cocktail caused a significant increase in iodide efflux rate (nmol/min) at 2, 4, and 6 min compared with DMSO control. As shown in Fig. 1B by others (20) , we also observe that basolateral addition of CDCA caused more than a 15-min sustained increase in I sc (⌬I sc : 24.3 Ϯ 6.6 A/cm 2 ; n ϭ 4), while apical addition of CDCA caused a much smaller response (⌬I sc : 6.6 Ϯ 1.6 A/cm 2 ; n ϭ 7; Fig. 2A ). In addition, the rate of response to basolateral addition (slope: 0.38 Ϯ 0.06; n ϭ 4) is much higher than in response to apical addition (slope: 0.11 Ϯ 0.02; n ϭ 7). The TER remained steady for 15 min and did not drop below 95% after apical or basolateral addition of CDCA.
Proinflammatory cytokines are known to alter transepithelial permeability (26) . To examine if the sidedness of bile acid action is altered in the presence of inflammatory mediators, we preincubated T84 cells with a cytokine cocktail containing TNF␣ (10 ng/ml), interferon-␥ (30 ng/ml), and IL-1␤ (10 ng/ml) for 24 h in serum free medium. As shown in Fig. 2B , pretreatment with cytokines potentiated the effects of apical addition of CDCA on Cl Ϫ secretion by 55% (⌬I sc : 13.5 Ϯ 2.1, vs. control ⌬I sc : 8.7 Ϯ 3.2; n ϭ 3). As anticipated, exposure to cytokines caused a significant decrease in TER (control: 1,068 Ϯ 41 ⍀·cm 2 ; n ϭ 3; cytokine treated: 569 Ϯ 20 ⍀·cm 2 ; n ϭ 4). These results suggest that the sidedness of bile acid action on I sc depends on the epithelial integrity.
Effect of transporter inhibitors and permeabilization on CDCA-induced changes in I sc. Transepithelial Cl Ϫ secretion is governed by the concerted activation of apical Cl Ϫ channels and of basolaterally located NKCC1 cotransporter, K ϩ channels, and Na ϩ -K ϩ -ATPase. To confirm that the induction of I sc by bile acids reflects Cl Ϫ secretion, we first blocked the route of Cl Ϫ entry, using the NKCC inhibitor, bumetanide. As shown in Fig. 3A , the action of CDCA was inhibited 100% by bumetanide (100 M; n ϭ 3). In addition, the K ϩ channel blocker BaCl 2 (5 mM) completely abolished the effect of CDCA on I sc (n ϭ 3).
The results of iodide efflux and I sc suggested CDCA may possibly act via a Cl Ϫ channel, and in this cell type, CFTR is the most likely candidate. Therefore, we examined the effects of the specific CFTR inhibitor, CFTR inh -172 (10 M), on the CDCA elicited I sc responses in T84 cells. As shown in Fig. 3C , CFTR inh -172, added to the apical chamber, greatly attenuated (97%, n ϭ 4) CDCA-stimulated I sc and therefore Cl Ϫ secretion. We also studied the effect of CDCA after T84 cells were pretreated with each of these inhibitors for 20 min. Addition of 100 M bumetanide to the basolateral solution did not alter the basal I sc , and it inhibited the CDCA response by 72 Ϯ 6% (n ϭ 3). Addition of 10 M CFTR inh -172 to the apical solution caused a small transient, insignificant decrease (ϳ1 A/cm 2 ) in the basal I sc . Pretreatment with CFTR inh -172 inhibited the action of CDCA by 69 Ϯ 7% (n ϭ 6). In this treatment regimen, addition of 5 mM BaCl 2 (basolateral) before CDCA did not change the basal I sc , and it inhibited the action of CDCA by 67 Ϯ 4% (n ϭ 4).
To further delineate the effect(s) of CDCA on apical Cl Ϫ or basolateral K ϩ conductances, we electrically isolated these membranes by permeabilizing the contralateral membrane with nystatin (200 g/ml) (23). As shown in Fig. 4A , permeabilizing the basolateral membrane, followed by exposure to CDCA (500 M) resulted in an increase in I sc across the apical membrane (⌬I sc : 72.3 Ϯ 12.2 A/cm 2 ; n ϭ 4). During this 15-min period, TER dropped to 76% after CDCA was added. Not surprisingly, the rate of response was faster in the permeabilized monolayers (slope of I sc : 1.18 Ϯ 0.37; n ϭ 4) compared with that in nonpermeabilized monolayers (0.38 Ϯ 0.06; n ϭ 4) mentioned above. Further addition of forskolin caused a small increase in I sc which was greatly inhibited by the addition of 10 M CFTR inh -172 (80% inhibition; n ϭ 4). A similar 89% (n ϭ 3; data not shown) inhibition of the CDCAinvoked current was observed when 10 M CFTR inh -172 was added to the apical solution before the basolateral membrane permeabilization. In contrast, permeabilization of the apical membrane followed by addition of CDCA did not affect I sc across the basolateral membrane (n ϭ 5; Fig. 4B ), In this case, ouabain (100 M) was added basolaterally to inhibit the activity of the Na ϩ -K ϩ -ATPase pump (13) before the addition of CDCA. In contrast to CDCA, addition of carbachol to the basolateral solution in apically permeabilized cells stimulates I sc , implying that carbachol, but not CDCA, affects a basolateral current, most likely K ϩ current. Collectively, these inhibitor and permeabilization studies suggest that CDCA acts primarily on the apical Cl Ϫ channel CFTR but does not directly stimulate the basolateral K ϩ channels.
Involvement of cAMP signaling in the effect of CDCA. Our results in Fig. 3C strongly suggest that CDCA stimulates Cl Ϫ secretion through CFTR, and since it is well-established that CFTR is activated by the cAMP-PKA pathway, we probed whether this cascade is involved in CDCA action. To examine the involvement of adenylate cyclase, T84 cells were incubated with 50 M MDL 12330A, a known inhibitor of the enzyme (31), for 25 min before the addition of CDCA (500 M). MDL 12330A significantly decreased CDCA-stimulated I sc (⌬I sc CDCA: 21 Ϯ 1.5, n ϭ 3; CDCA ϩ MDL 12330A : 12 Ϯ 0.8 A/cm 2 , n ϭ 4; Fig. 5A ).
In parallel and as shown in Finally, to test the involvement of the cAMP protein kinase (PKA) pathway in the effect of CDCA on I sc , H89 (30 M) was added to both sides of the monolayer for 30 min before the addition of CDCA. As shown in Fig. 6 , pretreatment of T84 cell with H89 caused a 94% reduction in the CDCA elicited response (n ϭ 3). These results suggest that bile acids activate the PKA cascade in T84 cells. Effect of CDCA on CFTR phosphorylation. We next examined if exposure to CDCA causes phosphorylation of CFTR by sequential immunoprecipitation and immunoblotting with specific antibodies. As described in MATERIALS AND METHODS, T84 cells were treated with DMSO, CDCA (500 M), or forskolin (10 M) for 20 min. The cells were lysed and immunoprecipitated with a specific mouse monoclonal antibody against the COOH terminus of human CFTR, and the immunopreciptates resolved on a 7.5% gel by SDS-PAGE. The gels were subjected to immunoblotting with Pan-phospho rabbit antibodies. As shown in Fig. 7A , top, CDCA and forskolin increased the phosphorylation of CFTR. To quantitate this increase by detecting total amount of CFTR, the blots were stripped and reprobed with rabbit polyclonal anti-human CFTR NH 2 -terminal antibody (Fig. 7A, middle) . The bands were quantitated by densitometry and the ratio of phosphorylated CFTR: total CFTR determined in the three samples, with the ratio for DMSO being set at 1. As shown in Fig. 7A , bottom, CDCA caused an approximately twofold increase in CFTR phosphorylation (1.9 Ϯ 0.3), which is similar to the effect of forskolin (2 Ϯ 0.3 vs. DMSO: 1; n ϭ 4; P Ͻ 0.05).
Role of microtubule in the effect of CDCA on I sc . In intestinal epithelial cells, including T84 cells, activation of CFTR by cAMP is accompanied by a recruitment of CFTR to the apical membrane, a process that is dependent on microtubules (6, 32) . Thus, if CDCA is acting through a cAMP signaling mechanism, we predict the involvement of microtubules. To test this, we examined the effect of the microtubule disrupting agent, nocodazole on CDCA stimulated Cl Ϫ secretion. T84 cells grown in 24-well Transwells were incubated with nocodazole (33 M) as described in MATERIALS AND METHODS. After the incubation, the cells were mounted in Ussing chamber with 33 M nocodazole in both bathing solutions. The cells were allowed to equilibrate at 37°C for 30 min, and 500 M CDCA was added to the basolateral solution. Control Transwells were processed through the same protocol, except that 0.1% DMSO was used instead of nocodazole. As shown in Fig. 8, A and B, nocodazole treatment inhibited CDCA-induced Cl Ϫ secretion by 47% (n ϭ 3). The above regimen of nocodazole treatment was sufficient to disrupt polymerized microtubules. As shown in Fig. 8C , there was an increase in the detergent (0.1% Triton X-100) soluble fraction of tubulin in cell lysates of nocodazoletreated cells compared with that of control cells.
Role of muscarinic receptor and TGR5 mRNA and protein expression. The rapidity and side-specific nature of the I sc response to CDCA implies a basolateral membrane-mediated process. It has been show that taurolithocholic acid (TLC) specifically binds to muscarinic M3 receptor and transactivates the epidermal growth factor receptor tyrosine kinase in H508 human colon cancer cells (8) . We tested the involvement of muscarinic receptor in the effect of CDCA by exposing the monolayers to bilateral addition of atropine (10 M) before the addition of CDCA. As shown in Fig. 9A , atropine had no effect on CDCA-stimulated I sc , thereby ruling out the involvement of muscarinic receptors in CDCA action.
The G protein-coupled receptor (GPCR) TGR5 has been implicated in bile acid action in a variety of tissues, including the gallbladder epithelium (21) . We probed for the presence of TGR5 mRNA in T84 cells grown in plates or in Transwells. While the gene for TGR5 has two exons, the entire coding sequence resides in exon 2 (16). As described in MATERIALS AND METHODS, the primers defining TGR5 IE spans the intron and part of exon 2. As shown in Fig. 9B , left, these primers amplified a product in the DNA samples, but failed to do so in both cDNA samples confirming that the cDNA was not contaminated with DNA. The TGR5 E2 product was visible in both cDNA (from cells either grown on cell culture plates or on Transwell inserts) and DNA samples demonstrating that TGR5 mRNA is present in T84 cells (Fig. 9, right) . The PCR product was sequenced, and the nucleotide sequence was 97% identical with human TGR5 (GenBank Accession No. NM_001077194.1). Figure 9C shows that T84 cells express TGR5 protein and it is largely detected in the membrane fraction. Rat tissues were used as positive controls; while rat liver and spleen contain abundant protein, there was modest expression in the rat colon. The estimated size of the TGR5 protein is 37 kDa. The multiple bands seen in the rat liver and T84 samples may be a result of posttranslational modification; the TGR5 protein sequence has at least two putative N-linked glycosylation sites and others (27) have reported multiple bands for TGR5 protein.
Finally, the farnesoid receptor, FXR, is a well-studied bile acid receptor. Employing PCR, we examined the presence of FXR mRNA in T84 cells. As shown in Fig. 9D , FXR transcripts are present in T84 cells grown on cell culture plates and on Transwell inserts.
DISCUSSION
These studies are the first direct demonstration of the involvement of CFTR, the PKA-dependent pathway, and intact microtubules in bile acid-induced Cl Ϫ secretion across a human colonic cell line. We also demonstrate that CDCA preferentially acts via the basolateral membrane to activate electrogenic Cl Ϫ secretion across the apical membrane.
In addition to their critical role in lipid absorption, bile acids affect intestinal, and colonic epithelial function and integrity including electrolyte transport (1), cell growth, and apoptosis. It is clear that both the response of the colon to bile acids and the signaling pathway(s) employed are influenced by the chemical structure of the bile acid (hydrophobicity and conjugation), the animal species, the developmental age, the tissue segment of the colon, and/or the specific cell line being examined. For example, in mouse (14) and rabbit (36) colonic epithelia, we and others have shown that the endogenous CDCA, DCA, and their taurine conjugates, TCDC and TDC, but neither the trihydroxy cholic acid (CA) nor its taurine conjugate nor the monohydroxy lithocholic acid (LCA) stimulate Cl Ϫ secretion. In T84 cells, Keely et al. (20) reported that CDCA and DCA but neither TCA nor LCA stimulate Cl Ϫ secretion; we have independently confirmed these findings in these cells and expanded them to test various (5, 50, or 500 M) concentrations of LCA (n Ͼ 3; data not shown). However, there is some variability in the magnitude of response observed in the same cell type, as reported by different laboratories. Thus, while Keely et al. (20) observe that among the bile acid homologues and epimers they tested, DCA to be the most potent, we find CDCA elicits the largest secretory response in T84 cells. Both the Keely group and we find that TDC, TCDC (20) , and CDCA (Fig. 2) are more effective in stimulating Cl Ϫ secretion from the basolateral side than the apical side ( Fig. 2A) . However, incubation of T84 cells with cytokines for 24 h elicited a much bigger I sc in response to apical CDCA compared with control monolayers (Fig. 2B) .
A tissue that responds prominently to apical exposure to bile acids is the ileum. Thus in distinct contrast to the colon, the trihydroxy bile acid TCA applied apically stimulates Cl Ϫ secretion in rat (4) and rabbit ileum (37) . This is due to the presence of the sodium-dependent bile acid transporter on the apical membrane (ASBT; Ref. 1). Although the adult colon lacks ASBT (37) , three other putative bile acid transporters have been reported to be present in intestinal tissues. Thus the multidrug resistance protein MRP3 has been localized to the basolateral membranes of rat colonocytes, and the organic solute and steroid transporter OST␣-OST␤ have been localized to basolateral membranes of mouse ileum and rat intestine, including the colon. Functional studies in other tissues (e.g., liver) and heterologous expression systems suggest that OST␣-OST␤ chiefly and to a lesser extent MRP3 are involved in the basolateral efflux of bile acids (10) . Since there is no compelling evidence for the presence of apical bile acid transporters in the adult colon, and the cytokine regimen caused a 47% decrease in TER, an index of epithelial permeability, it is reasonable to suggest that the inflammatory mediators provide greater access of CDCA to the basolateral membrane by increasing the paracellular permeability of the T84 monolayer. Thus a similar 54% drop in TER (100% TER: 1,000 -3,000 ⍀/cm 2 ) in T84 cells in response to okadaic acid was accompanied by a more than threefold increase in cumulative [ 3 H]mannitol permeation across monolayers, indicating an increase in paracellular conductance (33) .
Of the many studies probing bile acid action, there has been no systematic examination of the various steps of the signaling cascade underlying the stimulation of Cl Ϫ secretion in human colonic epithelia. Our studies including the use of adenylate cyclase and protein kinase inhibitors and of [cAMP] i measurement suggest the involvement of the cAMP-PKA pathway. The receptor mechanism(s) by which bile acids achieve this are examined at the end of the DISCUSSION. The effects of CDCA on [cAMP] i is interesting and warrants some explanation. Thus, while we were able consistently to measure a significant increase in [cAMP] i in response to 5 M CDCA, our results with higher doses of CDCA were equivocal (Fig. 5) . This is regardless of whether we grow the cells on cell culture dishes or on Transwell inserts. Our current explanation for this is based on a number of reports that spatiotemporal regulation is critical in cell signaling and two examples are provided. Thus adenosine, while acting via A2b receptors, caused a maximal stimulation of CFTR-mediated Cl Ϫ secretion in lung epithelial cells, there was no "measurable change" in total cellular [cAMP], leading the authors to suggest a highly localized regulation of CFTR by signaling molecules in apical compartments in these cells (17) . In another study, Li et al. (22) elegantly demonstrated, by FRET analyses using CFP-EPAC-YFP-transfected T84 cells, that changes in the levels of cAMP in the vicinity of target proteins, rather than in total intracellular levels, were critical in inducing CFTR-mediated Cl Ϫ secretion. Extrapolating these observations to our results, we predict that 500 M CDCA cause sufficient local changes in [cAMP] i to activate CFTR. Further we predict that our inability to observe changes in total [cAMP] i , in response to 500 M CDCA, is because CDCA may be activating a global increase in phosphodiesterase activity and thereby masking local spatiotemporal effects. In addition, the consistent increase in total [cAMP] i by 5 M CDCA was perhaps not sufficiently high in the region of the apical membrane to induce Cl Ϫ secretion. We also predict that 5 M CDCA was not sufficient to activate phosphodiesterase activity. The spatiotemporal coupling may also be relevant in explaining the relative levels of [cAMP] i invoked by forskolin vs. the I sc generated by forskolin or CDCA. We reported similar findings with respect to lubiprostone and forskolin (2) . Thus, although there are considerable differences in the levels of cAMP generated in response to forskolin or lubiprostone ([cAMP] i in pmol/mg protein: 250 nM lubiprostone: 1.1 Ϯ 0.2; 10 M forskolin: 26 Ϯ 1.7), both agents caused similar increases in CFTR-mediated Cl Ϫ secretion. Exploring these molecular mechanisms of cAMP generation in detail is the basis of a separate series of ongoing investigations.
The bumetanide, CFTR inh -172, BaCl 2 and nystatin results reveal that CDCA causes transepithelial electrogenic secretion, involving an apical membrane ion channel. The inhibitors attenuate secretion whether added to the monolayers before or after CDCA. It is noteworthy that in the present study carbachol but not CDCA appears to activate a basolateral current, most likely a K ϩ conductance. These results are in contrast to those of Mauricio et al. (25) in the rabbit distal colon, where bile acid activation of Cl Ϫ secretion appears to involve the stimulation of basolateral K ϩ conductances. Using whole cell configurations and patch-clamp methodology, Devor et al. (11) demonstrated activation of both a K ϩ conductance and a Cl Ϫ conductance in response to 0.75 mM TDC. The 50% higher concentration, the use of TDC rather than CDCA, and the use of whole cell current methodology may in part account for the differences in the Devor study and the present study. The fact that the I sc caused by CDCA is almost completely inhibited by the specific CFTR inh -172 strongly suggests that CFTR is the channel mediating CDCA-stimulated Cl Ϫ secretion. The activation of the CFTR channel is initiated by the phosphorylation of the R domain by cAMP-dependent PKA. The phosphorylation of CFTR has been well described for forskolin action, and therefore, we compared the effects of forskolin and CDCA on CFTR phosphorylation. As shown in Fig. 7 , forskolin and CDCA had comparable effects on CFTR phosphorylation, further confirming the involvement of CFTR in CDCA action. There are 10 potential sites of phosphorylation by PKA and protein kinase C in the R domain of CFTR. While the phosphorylation of a few sites inhibit CFTR activity, the phosphorylation of most of the PKA consensus sequences leads to activation of CFTR (9) . Future studies will probe which sites are selectively phosphorylated by bile acids. In some, but not in all epithelia, PKA activation also increases channel number by recruiting CFTR-bearing endosomes to the apical membrane (28) , a process that is dependent on microtubules (6, 32) . As shown in Fig. 8 , disruption of microtubules was seen in the presence of nocodazole and CDCA, like other cAMP-dependent secretagogues utilizes a microtubule-dependent mechanism in part, to activate Cl Ϫ secretion. To examine the mechanisms by which bile acids interact with cells, considerable focus has been given to the family of steroid nuclear receptors, in particular the farnesoid receptor FXR (1) . Depending on the preparation, the EC 50 for CDCA is 10 -50 M as measured in cell-free assays. Bile acids can either diffuse into the cell to interact with the receptor or could enter via transporters. Since the adult colon does not have ASBT, as discussed above, other conduits for bile acid transport are the basolaterally located Ost␣, Ost␤, and MRP3 (10) . Our data show the presence of FXR transcripts in T84 cells (Fig. 9D) , and the distribution and roles of MRP3, Ost␣, and Ost␤ in these cells are not known. Considering the rapid effects (Ͻ5 min) of CDCA action on I sc in T84 cells, we postulate that membrane, more than nuclear, receptors are involved in the secretagogue action of bile acids in the colon. Two lines of evidence suggest the involvement of membrane receptors. First, in H508 human colon cancer cells, LCA specifically binds to the muscarinic M 3 GPCR and transactivates the EFGR tyrosine kinase (8) . However, as shown in Fig. 9A , the colonic Cl Ϫ secretory response is not inhibited by atropine and as discussed above, we and others (20) do not observe any effect of LCA on Cl Ϫ secretion suggesting that the receptor is not muscarinic M 3 GPCR. Second, another GPCR, TGR5, is shown to be bile acid specific, acting via the cAMP pathway to alter metabolic processes in tissues such as brown adipose tissue (19, 24) . Our data demonstrate for the first time the presence of TGR5 mRNA and in T84 cells. Since CDCA activates TGR5 in other cell types, it is tempting to propose that CDCA stimulates Cl Ϫ secretion via TGR5. However, this needs to be definitively demonstrated, since neither LCA, a potent natural agonist of TGR5, nor CA, stimulates Cl Ϫ secretion. Unfortunately, there are no specific available inhibitors of the TGR5 receptor, and future studies will focus on probing for its functional role via small interfering RNA methodology. This will allow us to address a variety of mechanistic questions related to the ontogeny, physiology, and pathophysiology of bile acid action in TGR5 Ϫ/Ϫ mouse models. In summary, our studies clearly demonstrate for the first time that the dihydroxy bile acid CDCA activates the canonical cAMP-signaling pathway to phosphorylate CFTR, increase its recruitment to the apical membrane involving microtubules and thereby stimulate Cl Ϫ secretion in the human colon. The influence of inflammatory cytokines in the sidedness of the response may provide us useful and novel insights into the mechanisms underlying bile acid induced diarrheas in diseased states. 
